Interaction of light pulses of various durations and intensities with nanoscale photonic structures plays an important role in many applications of nanophotonics for high-density data storage, ultra-fast data processing, surface coloring and sensing. A design of optically tunable and reconfigurable structures made from different materials is based on many important physical effects and advances in material science, and it employs the resonant character of light interaction with nanostructures and strong field confinement at the nanoscale. Here we review the recent progress in physics of tunable and reconfigurable nanophotonic structures of different types. We start from low laser intensities that produce weak reversible changes in nanostructures, and then move to the discussion of non-reversible changes in photonic structures. We focus on three platforms based on metallic, dielectric and hybrid resonant photonic structures such as nanoantennas, nanoparticle oligomers and nanostructured metasurfaces. Main challenges and key advantages of each of the approaches focusing on applications in advanced photonic technologies are also discussed.
Introduction
Nanophotonics has exhibited a great potential for disruptive technologies aiming to complement or even replace the existing semiconductor photonics. [1] [2] [3] [4] [5] One of the basic elements of many advanced nanophotonic systems is a resonant nanoparticle that makes it possible to manipulate effectively light at the nanoscale, expanding many functionalities of conventional optical devices.
Optical antennas based on nanoparticles are utilized for many applications of modern photonics including single-molecule detection via enhanced fluorescence, [6, 7] Raman scattering, [8] infrared absorption [9] as well as optoelectronic applications. [10] Specific arrangements of nanoparticles create a novel, recently emerged class of planar photonic nanostructures, metasurfaces. [11] [12] [13] [14] [15] [16] [17] [18] [19] In a broader context, the recent developments of novel technologies need a substantial increase in photonic integration capacity and energy efficiency far surpassing functionalities of current photonic systems. Such dense integration can be achieved only with subwavelength structures, and they require the development of low-cost fabrication technologies that would allow tuning and reconfigurating such structures. The development of efficient methods to change optical properties of such advanced nanostructures in a controllable manner would revolutionize modern optical technology, by creating a new type of photonic devices, metadevices.
In general, for the reconfiguration and tuning of nanoscale structures and metasurfaces, one can employ fast reversible and permanent non-reversible processes, as summarized in Figure 1 . Reversible changes in nanostructures are commonly related to a variation of permittivity under laser excitation. For the low laser intensities, the optical Kerr effect and two-photon absorption take place in dielectrics. In metals, where light is absorbed linearly, the major nonlinear mechanism is the heating of free carriers that affects mostly the imaginary part of the permittivity. The effects of free carriers in dielectric structures become important when two-or multiphoton absorption yield higher densities of electron-hole pairs, which increase plasma frequency and linear absorption and lead to an avalanche ionization for larger intensities. With further increase of the excitation fluence, more www.advancedsciencenews.com www.lpr-journal.org energy is converted into heat, so that materials undergo strong temperature modulations of their optical properties. In this general picture, higher laser intensities lead to more complex effects, and longer relaxation times should be considered to achieve structural modifications. Finally, at a certain threshold some nonreversible processes become dominant shifting the potential applications from signal processing to data storage. In particular, it is possible to tune nanoantenna optical properties via modification of surrounding media due to phase transitions in materials or via reshaping of the nanoparticle geometry.
The main aim of this review paper is to showcase the rapidly growing fields of light-assisted tuning, reshaping and reconfiguration of nanoparticles, nanostructures and metasurfaces, including all-optical modulation and data storage. Our key idea is to start from low laser intensities that induce only weak reversible changes in nanostructures often used for achieving nanostructure tunability. Then, increasing the laser power, we involve the physics of non-reversible reconfigurations associated with a change of the material structure and melting. We discuss contributions and importance of different physical and chemical processes which can be harnessed for various applications.
Background and Platforms
Subwavelength structures in nanophotonics interact with light due to a variety of resonances. Each resonant state of a nanostructure can be characterized by four parameters: amplitude, phase, frequency and decay rate, which depend on size, shape, dielectric permittivity and geometry of the nanostructure. Therefore, tuning of any of these parameters can result in reconfiguration of the optical response of a nanostructure. The strength of lightmatter interaction depends substantially on the decay rate γ that is defined by the half-width of the response line in the spectrum normalized to the resonant frequency ω 0 . This ratio is called the quality factor (or Q-factor): Q = 2γ /ω 0 .
For large values, the Q-factor is approximated by the number of oscillations required for the energy of an oscillating system to decay to e −2π (or 0.2%) of its initial energy. On the other hand, the Q-factor shows how many oscillations of the electromagnetic field one needs to form the steady-state regime of an excitation mode, which is important for transient dynamics of nanophotonic structures. One oscillation at wavelength 800 nm takes around 2.7 fs. It means that nanoresonators with Q < 10 3 are fast enough to potentially beat modern electronic modulators. However, structures with high Q-factors (larger than 10
3 ) face the limit dictated by the time of the mode formation rather than some material properties.
In addition, in the data storage applications, information pixels should be as compact as possible (dots-per-inch rate > 10 5 ) and cover the whole visible spectral range. Ultra-fast signal modulators in all-optical chips also should be as compact as possible to compete with electronic analogs. However, generally very small structures possess high radiative optical losses, broader resonances and smaller values of the Q-factor. Therefore, to achieve the most effective and compact designs, one should choose the proper type of nanostructures.
In this section, we discuss the properties of typical nanophotonic resonators and their Q-factors that can be achieved with modern fabrication technologies, keeping in mind their applicability for light-induced tuning and reconfiguration discussed below in this review.
Metallic nanoparticles. When a metal particle is exposed by light, the electromagnetic waves induce collective coherent oscillations of free electrons from the conduction band. Such oscillations are called surface plasmons, and their frequency is determined by a number of factors including electron density, effective electron mass, shape and size of the nanoparticle. Optical properties of metallic nanoparticles with a spherical shape are described by the Mie theory [20] that allows us to classify resonant modes by a series of electric and magnetic multipoles. The lowerorder dipolar modes are of most importance since they permit the description of particle response in a low-frequency range where higher-order multipoles can be neglected. Similar multipole classification is employed for the characterization of nanoparticles with non-spherical shape.
The first resonant oscillation of electrons in a metallic nanoparticle is called the dipole plasmon resonance (or "localized surface plasmon resonance"), and it should be distinguished from plasmon excitations that can occur in a bulk metal or at a metal surface. The Q-factor for this mode is usually less than 10, due to high non-radiative ohmic losses in metals even in such popular plasmonic materials as gold, silver and aluminum. Higher modes of plasmon resonances can occur when the size of a nanoparticle becomes larger than ∼100 nm: for example, a quadrupole mode where a half of the electron cloud moves parallel to an applied field and the other half moves antiparallel. This mode should possess higher values of the Q-factor due to weaker coupling with light in a surrounding medium. However, high ohmic losses in metals do not allow Q sufficiently exceeding 10. Another limitation for metallic nanoparticles is a difficulty to achieve strong magnetic response in the visible range, requiring the fabrication of specially shaped nanoparticles (such as U-ortype particles) to provide circular optical currents interacting with external electromagnetic fields. More details on the optical properties of plasmonic nanoparticles and their applications are exhaustively described in various review papers [1] [2] [3] and books. [21, 22] Dielectric nanoparticles. Recently, dielectric nanoparticles with high refractive index have attracted a lot of attention in photonics as an alternative approach to achieve a strong resonant response. [23] By using the term "dielectric", here we assume any non-metallic materials, including high-refractive-index semiconductors such as silicon, gallium arsenide, indium phosphide etc. [24] Dielectrics possess lower non-radiative (ohmic) losses compared with those in plasmonic particles. Also, similar to the modern silicon photonics employed as a major platform for on-chip optical telecommunications, here one can employ the advanced silicon fabrication techniques.
In contrast to plasmonic particles, the first resonance of spherical dielectric nanoparticles is a magnetic dipole resonance, and it takes place when the wavelength of light inside a spherical particle equals its diameter λ 0 /n ≈ D. [20] Under this condition, the polarization of the electric field is antiparallel at the opposite boundaries of the nanoparticle, which gives rise to strong coupling to the circulation displacement currents with the magnetic field oscillating in the center. [25] Unlike the magnetic resonances in metallic split-ring resonators, the magnetic dipolar resonances in high-index dielectric nanoresonators are essentially excited by the electric field and not by the magnetic contribution. Low-order magnetic multipoles are useful for the enhanced light-matter interaction due to their higher Q-factors, as compared with the corresponding electric modes, and they enhance a stronger electric field inside the dielectric particle. [26] [27] [28] Interference between electric and magnetic modes results in highly reconfigurable scattering power patterns. Indeed, the electric dipole moment is characterized by a true vector whereas the magnetic dipole moment by a pseudo vector. As a result, the far-field profiles of these two moments have opposite behavior respective to the inversion r → −r operation. When the resonance frequencies of the electric and magnetic dipoles match and their amplitudes coincide, the so-called Kerker effect [29] can be observed. At some phase relation, these two dipole resonances cancel each other in the backward direction (the first Kerker condition), and at the other condition the radiation vanishes in the forward direction (the second Kerker condition). For example, when the electric and magnetic dipoles obey the first Kerker condition an overall pattern is similar to that of a Huygens' source, i.e. scattered light on such nanoparticle propagates in the forward direction only. Since the Kerker effect depends on a phase relation, it can be tuned by a weak modulation of particle properties.
Another interesting interference effect is the interaction of the electric dipole and toroidal dipole moments, which have the same radiation patterns in the far-field zone. At certain conditions their amplitudes may be in anti-phase that results in cancellation of the radiation from the particle. Fedotov with coauthors [30] reported an observation in microwaves of such radiation suppression they called "anapole modes" with Q-factor exceeding 300. Recently the anapole modes in the visible range were studied experimentally in silicon nanodisks. [31] Hybrid nanoparticles. Hybrid (i.e. metal-dielectric) nanoparticles usually consist of a resonant metal element supporting localized plasmons and a dielectric element. Addressing a single nanoparticle, the most popular type of hybrid structures is a core-shell nanoparticle [32] made of two different materials. Coreshell nanoparticles play an important role in modern nanophotonics owing to various combinations of materials that can be used, and extended functionalities of the dielectrics (such as luminescence, Raman response, chemical activity, selective absorption etc). From the point of view of resonant properties, the most flexible and potentially reconfigurable designs are based on both resonant plasmonic and resonant dielectric parts. Generally speaking, an optical resonance in complex nanostructures of an arbitrary shape can be understood as a combination of elementary resonances supported by nanostructures of simpler geometries. [33] For instance, one can achieve interference of electric and magnetic optical modes within a single hybrid nanoparticle yielding unique possibilities for an efficient control over the scattering power patterns and near-field at the nanoscale. [34] This property gives additional possibilities for their effective tuning by light.
Nanoparticle dimers and oligomers. Several nanoparticles arranged in certain geometries demonstrate collective effects which are often much richer than those demonstrated by single nanoparticles. The simplest structure is a dimer composed of a pair of (usually identical) nanoparticles. A coupling of two resonant modes (in a majority of the studies, these are the lowerorder electric or magnetic dipolar modes) demonstrates a variety of novel effects ranging from the Fano resonance with sharp spectral features, when the coupling between nanoparticles is weak, [35] to the formation of bright and dark modes, when the www.advancedsciencenews.com www.lpr-journal.org coupling is strong, attributed to the strong field enhancement. The most widely used design is a plasmonic dimer allowing us to enhance a local electric field in a nanoscale gap between the nanoparticles in the range of 10-100 times. [36] In contrast, a dimer composed of two dielectric nanoparticles allows for enhancement of both electric and magnetic fields up to 10-20 times. [37] Several nanoparticles combined in symmetric clusters are often called oligomers; the term is borrowed from organic chemistry. Metal-based oligomer structures support sharp Fano resonances. [35] Specifically, dielectric oligomeric structures offer novel capabilities of the optically induced resonant magnetic response, which may play an important role in the multifold enhancement of nonlinear optical effects. [38] Hybrid oligomers combine advantages of plasmonic (strong field localization) and dielectric (strong magnetic resonances) structures, but their applications are limited by mismatching of different fabrication steps used for dissimilar types of materials. [39] Two-dimensional structures and metasurfaces. Depending on the ratio between the lattice spacing and wavelength, twodimensional (2D) arrays of resonant nanoparticles can serve as 2D photonic crystals supporting Bloch waves providing in addition interesting near-field effects, or metasurfaces for an advanced farfield control.
A promising way to improve the quality of localized plasmon resonances is to utilize the radiative field coupling in regular arrays of nanoparticles. The underlying physics of the proposed resonances is the following. It is known that regular periodic structures can show abrupt changes in reflection, which are referred to as Wood's anomalies. [40] For regular arrays of nanoparticles on a transparent substrate, these anomalies have been explained by Lord Rayleigh as a disappearance of a diffracted beam when it crosses the boundary between an ambient medium and substrate. A transition of a diffraction mode between the ambient medium and substrate is not allowed due to different dispersion relations for light in both the media. As a result, the values of the Q-factor larger than 100 were reported. [41] Significantly higher values (up to Q = 500) were observed in specific arrays of silicon nanoresonators. [42] Recently, a novel approach of the so-called bound states in the continuum (BIC) was suggested to create photonic structures with larger values of Q. Hsu et al. [43] demonstrated experimentally a photonic crystal membrane with Q-factors exceeding 10 6 . Such extreme values of Q are very attractive for various nonlinear applications. The extremely narrow BIC modes can be observed through lasing, as was reported recently for a finite-extent sample of 8×8 elements. [44] Inspired by high Q values, we anticipate the creation of novel structures by light-induced reconfiguration realizing the BIC effects.
Planar metadevices associated with metasurfaces rely on the scattering properties of ultra-thin subwavelength-scale optical resonators patterned at interfaces to control the polarization, phase, amplitude and dispersion of light. [11, [45] [46] [47] [48] [49] The design is influenced by the ability to control scattering of light in the resonant scattering regime, for the wavelength scales, or in the nonresonant regime, by using the geometric phase. Plasmonic metasurfaces were firstly proposed to achieve negative refraction and beam steering, which can be used for dynamical light modulations.
A combination of the scattering properties of both electric and magnetic resonances in the visible wavelength range is of great interest for the realization of efficient planar metasurfaces with low optical losses. In this case, an effective switching from perfect reflection to near-unit transmission of incident light is possible. One of the main applications of such Huygens' sources is the development of unity-transmission Huygens' metasurfaces that can provide a controllable 2π phase retardation. [50] Hybrid metasurfaces made of gold and high-index dielectric components attract special attention owing to a more flexible platform for the tuning of resonances. In particular, such structures have been employed for achieving the epsilon-near-zero regime [51] when optical properties of a metasurface are highly sensitive to the modulation of material properties, as discussed below.
Reversible Tuning
Searching for reversible and ultra-fast modification of material optical properties by intense laser irradiation is an actively studied area, [52, 54] which offers various approaches to achieve strong and fast all-optical signal modulation with speed of information processing more than 10 Gbit/s. A typical design of the alloptical modulators consists of a signal optical line with weak laser pulses, a nonlinear modulator of the signal line and controlling optical line with high-intensity laser pulses. In nonlinear experiments, it is called the "pump-probe" scheme, where the "pump" ultra-fast laser pulse has several orders of magnitude higher energy compared to the "probe" pulse.
The standard metric of optical modulators is power consumption -the energy expended in producing each bit of data, which is also known as the energy per bit, or more colloquially as the "power per bit". Generally, industrial applications can only be justified if their power consumption does not exceed that of present electrical interconnects, and future systems will need to reach power consumption of less than 1 pJ/bit. [55] Another target is to reduce device footprint to the sub-μm 2 level, to be comparable with electronic analogs. Therefore, nonlinear optical modulation of optical properties of subwavelength nanostructures is a promising platform for ultra-fast and ultra-compact switching.
There are several nonlinear mechanisms at different time scales, which affect the nanostructure optical response. As shown in Figure 1 , fully reversible tuning of material refractive index ( n) can be achieved via the optical Kerr effect, photo-excitation of free carriers or optical heating:
where the first term ( n K ) is related to the degenerate four-wave mixing, which is due to the optical Kerr effect, and is described in terms of the Kerr susceptibility χ (3) (ω, −ω, ω) of the medium; the second term ( n f c ) corresponds to the contribution of freecarrier density; the third term ( n T ) is a function of lattice temperature. In order to create nanoscale and ultra-fast optical modulators, it is necessary to make nanostructures consisting of materials with strong nonlinear properties described above. Such nonlinear nanostructures can be separated to purely plasmonic, www.advancedsciencenews.com www.lpr-journal.org plasmonic with nonlinear dielectrics (hybrid) and all-dielectric nanostructures.
Kerr nonlinearities
Plasmonic nanostructures. Third-order nonlinear response of metals can be interpreted in terms of Kerr-like nonlinearity due to electron heating. [59] During light absorption by a metal, the incident energy is transferred to electrons. The energy deposition is followed by dissipation, which minimizes the total energy through a cascade of relaxation processes. The electron population firstly decays through electron-electron (e-e) interactions, creating a hot electron distribution within a few hundred femtoseconds, followed by a further relaxation via electron-phonon (e-ph) scattering on the time scale of a few picoseconds. In the spectral domain, hot plasmonic electrons induce changes to the plasmonic resonance of the nanostructure by modifying the dielectric constant of the metal.
Generally, the dynamics of the material heating by light can be considered in terms of a two-temperature model. In this model, the material is described by two thermal subsystems corresponding to the electrons with a temperature T e (t) and the lattice with a temperature T l (t). These two baths are coupled via an electronphonon constant G and their dynamics is given by the following heat equations for the corresponding temperature and e-e, e-ph relaxation times:
where C e and C l are the heat capacities of electron and lattice subsystems, respectively, I is the laser intensity and α is an absorption coefficient. The electron-phonon coupling coefficient G determines the electron-phonon relaxation time τ e− ph . Due to a small mass of electrons as compared with ions (by 10 3 times), their temperature can be several thousands of kelvins during light absorption whereas that of ions is lagging due to the characteristic electron-lattice coupling. For simplicity, one can neglect thermal transport terms owing to the localized character of the optical heating of resonant nanostructures. The relaxation rate for e-e thermalization is less than 1 ps for gold and silver, whereas e-ph relaxation occurs at the 1-3 ps scale. [56, 60] More generally, τ e−e ∼ ω p /T 2 e and τ e− ph = 2C e /G, where ω p is the plasma frequency. Electron heat capacity is a function of electron temperature: C e = (π 2 N f c k B /2T F )T e , where N f c is the free-carrier density, k B is the Boltzmann constant and T F is the Fermi temperature. [61] Therefore, τ e−e decreases with electron temperature, whereas τ e− ph increases with electron temperature. [62] Studies of the differential change in transmission of a solid gold nanoparticle film demonstrated that the plasmon resonance is damped due to increased e-e scattering upon heating the conduction electrons. [63] This is the basic mechanism of ultra-fast refractive-index (or permittivity) variation. In particular, the intraband term is expressed as a Drude-like response:
where ∞ is the dielectric response of the free electrons at high frequencies, ω p is the plasma frequency and γ D (T e ) characterizes the temperature-dependent damping processes experienced by the free electrons. We notice that T e in Eq. (4) depends on the light intensity I, which in turn can be evaluated from Eqs. (2) and (3) . High potential of metallic nanoparticles for optical modulation was revealed when three orders of magnitude enhancement of the optical Kerr effect was observed [59, 64] as compared with bulk metals. [65] The derived values were in the range of χ (3) ≈ 10 −7 -10 −8 cm 2 /W. It was estimated that one can achieve up to T e ≈ 1700 K, γ D (T e )/γ D (T e = 300 K) ≈ 4% in a gold or silver nanoparticle under femtosecond laser irradiation, resulting in change of both real and imaginary parts of refractive index around 10 −4 . [66, 67] Basing on nonlinearity in plasmonic nanostructures, ultra-fast all-optical modulation was achieved by tuning of nanoparticles, different nanoantennas and metasurfaces. [17, 68, 69] For example, Figure 2a depicts time-dependent measurements of extinction of gold nanorods at different probe wavelengths around the center of their plasmon resonance. [56] There was weak and sub-ps response at the very resonance, whereas, at the off-resonant conditions, stronger and slower (few-ps) modulation was observed and attributed to e-ph relaxation.
The main limitation factor here is small mode volume in metal nano-objects, involving smaller volumes of material to nonlinear processes owing to small skin depth (< 20 nm in visible and near-IR ranges) as compared with dielectrics. On the other hand, the usage of too small nanostructures reduces damage threshold of the optical modulator owing to developing instability driven by surface tension, which is widely used in non-reversible reconfiguration (see corresponding section).
All-dielectric nanostructures. In dielectric materials, one of the fastest observed nonlinear optical responses is the analog of the traditional Kerr electro-optic effect, in which the refractive index of a material changes by an amount that is proportional to the square of the strength of an applied static electric field. [70] Another ultra-fast third-order nonlinearity in dielectrics is twophoton absorption (TPA), resulting in sub-100-fs relaxation time of the relatively small optical modulation and low level of energy per pulse. [70, 71] The intensity-dependent complex refractive index is expressed as follows:
where I is the light intensity, while n 2 (the Kerr coefficient) and β (the TPA coefficient) are interrelated with the real and complex parts of the third-order susceptibility χ (3) by the equations n 2 = 3Re(χ (3) )/4cn [56] (b) Experimentally demonstrated enhanced twophoton absorption in array of the resonant Si nanoparticles as compared with thin amorphous silicon film. Left upper inset: the concept of enhanced two-photon absorption on magnetic dipole mode in a Si nanoparticle. Right upper inset: experimentally measured ultra-fast modulation of the resonant Si nanoparticle. [57] (c) Two-dimensional map of the time evolution of the plasmonic spectral change in a 100 nm nanodisk sample with a 4-nm-thick spacer. Left inset: schematic of gold nanodisks with diameters of 100-150 nm fabricated on top of a 30-nm-thick continuous gold film separated by an oxide spacer layer (a few nanometers thick). Right inset: relative electronic levels of gold and the spacer layer. [58] all-dielectric nanodevices is their high values of n 2 and β, which can be roughly estimated from simple scalings n 2 ∼ (εE
, where E g is the band gap of the material and ε is the permittivity. [72] For example, the TPA coefficient has the following typical values: β = 80 cm/GW (Ge, λ = 2.3 μm); [73] β = 23 cm/GW (GaAs, λ = 1.06 μm); [74] β = 22 cm/GW (CdTe, λ = 1.06 μm); [74] β = 2 cm/GW (Si, λ = 1.06 μm); [75] β = 35 cm/GW (Si, λ = 0.6 μm). [75] The Kerr coefficient for semiconductor materials usually is much larger than that for silica. In particular, n 2 = 4.5 × 10 −5 cm 2 /GW (Si, λ = 1.55 μm) [76] versus 1-2×10 −6 cm 2 /GW for optical glasses, λ = 1.55 μm. [77] Such third-order optical nonlinearities enhanced by Mie resonances in high-refractive-index nanoparticles become considerable at intensities above 1-10 GW/cm 2 or 0.1-1 mJ/cm 2 for ultrashort laser pulses (schematically shown in Figure 1 ), where one can expect refractive-index variation around n K ≈ 10 −4 -10 −3 . In particular, the use of resonant dielectric nanoparticles helps to significantly increase the effective value of the TPA coefficient β, [57] giving a major contribution to the total absorption at high laser intensities for such low-loss materials as Si at infrared. An example of TPA enhanced by the Mie resonance is presented in Figure 2b , where transmission of light in the so-called "z-scan scheme" is decreased with placing a sample in the laser focus, when an array of silicon nanodisks is illuminated by a nearresonant focused laser beam. A reference silicon film exhibits two orders of magnitude smaller drop in the transmission spectrum (blue curve in Figure 2b ). The Mie resonance induced effective TPA is shown to be β e f f = 5600 cm/GW, which is almost two orders of magnitude larger than that of a bulk amorphous Si film of the same thickness (as nanodisk height) measured using the same setup, being β ≈ 70 cm/GW. Such enhancement can be employed for high enough optical signal modulation induced by TPA. [57, 79] Hybrid nanostructures. Several studies of hybrid nanostructures aim to combine advantages of plasmonic and dielectric structures by using a variety of approaches. Below, we describe a few most interesting examples.
Despite the relaxation rate being fast enough to overcome the GHz limit for signal processing by electronic transistors, the modulation depth induced by the Kerr-type nonlinearities in metallic nanostructures is less than 1%. At the same time, dielectric resonators are several times larger than their plasmonic counterparts.
In order to enhance the amplitude of modulation, more complicated designs of metal-dielectric nanoantennas were proposed. The first approach is to introduce χ (3) -nonlinear dielectric into a dimer plasmonic nanoantenna [80] or to use sharp resonances which are more sensitive to small variation of dielectric permittivity. One of the most promising designs involves the Fano mechanism based on dipole-dipole interaction to enhance nonlinear effects and sensitivity to refractive-index variation. [81, 82] In particular, the Fano resonance in hybrid metal-dielectrics can be extremely sharp, whereas the device fingerprint is less than 0.1 μm 2 . Dipole-dipole interaction between plasmonic and dielectric parts in a dimer nanoantenna is another approach for ultra-fast tuning of the scattering pattern of the nanostructure. [83] The last achievements are related to further acceleration of the ultra-fast response (<1 ps) and increasing the modulation up to a few percent level. [58] In Figure 2c , the design based on a 4 nm titanium oxide layer between a gold nanodisk and a thin film is presented, showing an anomalous fast relaxation time (≈ 250 fs) and up to 1.3 % modulation depth of reflection. The intensity of the ultra-fast response correlates with the generation of highly excited surface charges (hot electrons) at the metal surfaces, which strongly depends on the oxide thickness. This large ultrafast contribution is attributed to the relaxation of energetic plasmonic carriers generated in hot spots. Modulation of the sample The nonlinear response is enhanced in the epsilon-near-zero region of the spectrum (shaded). [54] (e) SEM image of ITO nanorods. (f) The difference of extinction coefficient spectral maps measured from the ITO nanorods at different angles, as shown in the upper inset. [78] response is due to a transfer of energetic surface electrons from gold nanoparticles to a TiO 2 layer. The plasmon energy of 1 eV is smaller than the band gap of TiO 2 (E g ≈ 3 eV) and therefore cannot directly excite electrons from the valence band to the conduction band. However, the difference between the positions of the conduction bands in TiO 2 and the Fermi level of gold relative to the vacuum is smaller than the plasmon energy. This allows the ultra-fast injection of the energetic surface carriers into the TiO 2 layer, as shown in Figure 2c . Another approach is to use low-loss materials in which the real part of the dielectric permittivity lies between negative and positive ranges, i.e. between metal and dielectric states. Simple calculus shows that, for a given change ( ε) in the permittivity ε, the resulting change in the refractive index is given for a lossless approximation by n = ε/(2 √ ε). This change becomes large as the permittivity becomes small, suggesting that the epsilonnear-zero (ENZ) frequencies of a material system should give rise to strong nonlinear optical properties. Materials possessing free charges, such as metals and highly doped semiconductors, have zero real permittivity at the bulk plasmon wavelength. [84] A number of authors have reported on the unusual properties of matter under ENZ conditions and on their promise for applications in nonlinear optics. [85] [86] [87] [88] An example is commercially available indium tin oxide (ITO), which is a CMOS-compatible degenerate semiconductor with non-parabolic bands (Figure 3a) , [78] serving as the ENZ medium (Figure 3b ). The zero-permittivity wavelength of ITO occurs at near-infrared wavelengths and can be tuned by controlling the doping density or by applying a static electric field. Recent results indicate that ITO exhibits positive n 2(e f f ) and negative β e f f , corresponding to self-focusing and saturable absorption, respectively. In the ENZ range, λ = 1240 nm, the n 2(e f f ) and β e f f values for an incident angle of 60
• are approximately 43 and 45 times larger than for normal incidence, respectively, whereas they are three orders of magnitude larger as compared with those at λ = 970 nm, i.e. in the "dielectric" range; see Figure 3c and d [54] As a result, the magnitude of the optically induced ultra-fast relative change of 170% in comparison to the linear value can be extremely high, whereas the typical relaxation rate is less than 400 fs. [54] Nonlinear response of nanorods made from ITO can be stronger if they possess resonant properties. [78, 93] Moreover, ultrafast switching can be achieved in a broad range of wavelengths (from near-to mid-infrared) by changing the angle of incidence (see the inset below Figure 3e ). Figure 3f demonstrates sub-400-fs relaxation rate with changing of optical density up to 1.
The much faster and stronger response of the ITO deviates from that of the metals (where e-ph relaxation dominates) because of two major reasons: (1) the free-electron density in ITO is two orders of magnitude smaller than that of noble metals such as gold, resulting in much smaller electron heat capacity and larger change in the electron temperature if all other parameters are held constant; (2) owing to the non-parabolicity of the conduction band, the time-dependent m e f f of the photoexcited electrons is strongly dependent on the Fermi distribution function (i.e. electron temperature) [53] ; and (3) owing to a relatively smaller free-electron density, the Fermi level is quite low in the conduction band (∼1 eV for ITO). Due to the last property, infrared radiation at ENZ wavelengths can excite even the electrons [89] (b) Experimentally measured dependence of normalized differential reflection of a Si nanoparticle on laser fluence. Lower inset: calculated reconfiguration of scattering power pattern of silicon nanoantenna at different electron-hole plasma frequencies. [90] (c) Schematic illustration of reconfigurable hybrid Au/Si nanoantenna at low and high photo-excitation of the Si part, corresponding "OFF" and "ON" states. [91] (d) Left: all-optical tuning an ITO surface via local field enhancement near a gold dipole nanoantenna. Right: measured extinction spectra at 0 ps and 5 ps delay between "pump" and "probe" laser pulses. [92] of the lowest-energy conduction band (in contrast, the Fermi level of gold is 6.42 eV and infrared light excites only those electrons that sit near the Fermi level).
[54]
All-optical generation of free carriers
According to Eq. 4, one can tune the refractive index of even dielectric materials by varying the plasma frequency with ultra-fast "photo-injection" of free carriers (ω 
Here W 1,2 are the volume-averaged dissipation rates due to one-and two-photon absorption, respectively, and τ is the phenomenological free-carrier relaxation time. The absorption rates are written as
), where ... denotes averaging of incident electric field intensity I (or I 2 ) over the nanostructure volume and ω is the radial frequency of incident light. It should be noted that multiphoton (three or more photons) generation of free carriers is observed at very high intensities in wide-gap dielectrics, which usually possess relatively low refractive index. [94] Further we describe the relaxation time of electrons in metals and dielectrics in corresponding sections.
Plasmonic nanostructures. Nonlinearity of metals related to the interband excitation of electrons results in relatively slow recovery times owing to a longer relaxation process as compared with thermalization of hot electrons after intraband excitation. For example, modulation of surface plasmon-polaritons in aluminum gives 60 ps modulation recovery speed at photon energies around the interband absorption peak (about 1.5 eV or 825 nm). [68] In gold nanorods, [89] transitions between the d and the sp bands (larger than 2.4 eV or less then 515 nm) result in a much slower relaxation rate as compared with the dynamics around 1.6 eV (775 nm), i.e. in the intraband spectral range, as shown in Figure 4a . High intrinsic (ohmic) losses in metals and initial freecarrier concentration, as well as relatively slow response, motivated researchers to find other materials supporting interband transitions with ultra-fast relaxation.
All-dielectric nanostructures. At intensities 10 1 -10 2 GW/cm 2 , nonlinear light absorption in dielectrics leads to significant permittivity modulation ( ε ∼ 10 −1 -10 0 [95] ) via variation of free-carrier density over several orders of magnitude. Generally, the dependence of the refractive index on the plasma frequency can be described by the set of equations (4) and (6). The Drude contribution described by the second term in Eq. (4) strongly dominates the others in the infrared range and at relatively low intensities. [96] The band filling effect is included in the first term of Eq. (4), being important when the free-carrier density becomes comparable with the capacity of the conduction band (N f c > 10 20 cm −3 ). The band gap renormalization also contributes to the first term of Eq. (4) and plays a significant role at wavelengths where the dispersion of the dielectric permittivity dε/dω is considerable (for example, silicon at lower wavelengths than 800 nm). [90] Laser Photonics Rev. Typical relaxation time of dense free-electron gas (> 10 20 cm −3 ) via the Auger-recombination process is strongly dependent on laser intensity and typically lies in the range of 1-100 ps. [95, 97] Generally, the total free-carrier relaxation rate (1/τ ) can be represented as a polynomial function of free-carrier density:
f c ), where each term corresponds to trapping (1/τ T R ), bi-molecular (1/τ BM ) and Auger (1/τ A ) mechanisms. [98] Despite the relaxation time is longer than that of Kerr-type nonlinearities, the achievable modulation amplitude is considerably larger for most of materials. [70] Previously, this effect was employed for relatively large dielectric-based optical switches (photonic crystals, waveguides etc) with a narrow pass band and high Q-factor. [96] Reconfiguration of the scattering diagram of an alldielectric nanoantenna (Figure 4b ) [90, 99] or metasurface [79, 100] in the vicinity of the Kerker conditions [29] via free-carrier photoexcitation was shown experimentally. A number of theoretical designs were proposed for highly effective carrier-induced tuning of metasurfaces [101] and beam steering on tunable silicon dimers. [102] For such kinds of nanodevices, typical values of reflection modulation are up to a few tens of percent ( R/R ∼ 10 −2 -10 −1 ), and it is much faster than those based on generation of free electrons in the conduction band by applying voltage. [103] Hybrid nanostructures. The first hybrid all-optical modulator based on free-carriers generation was demonstrated with surface plasmon-polaritons propagating on metal covered by a layer of semiconductor quantum dots. [104] This design has a high modulation depth, but relatively slow (ns-scale) speed. To go down to sub-ps modulation speed, a hybrid metasurface was proposed, [105] demonstrating 20% transmittance variation with decay time 600 fs in the visible range. This metasurface is a threelayer (Au/a-Si/Au) slab with periodic array of nanoholes, where the nonlinearity is driven by free-carrier generation in the amorphous silicon layer.
A more compact hybrid nanostructure was developed by filling the antenna gap with amorphous silicon. [91] Progressive antennagap loading with transition from capacitive to conductive coupling regimes between two closely spaced metal nanorods was achieved due to variations in the free-carrier density in the semiconductor (see Figure 4c) . A strong modification of the antenna response was theoretically predicted both in the far-field response and in the local near-field intensity.
As shown in Figure 4d , by exploiting the large free-carrier nonlinearity of ITO around the bulk plasmon frequency, the hot-electron injection provides a larger modulation of the antenna dipole resonance wavelength. [92] Such hybrid nanoantenna demonstrates picosecond nonlinear response involving fast hotelectron injection from the gold antenna, followed by picosecond thermalization and a local reduction of the ITO free-carrier density. Light reflection variation with such nanoantennas was around R/R∼ 10 −2 .
Thermo-optical nonlinearity
One of the slowest optical nonlinear effects is thermo-optical modulation of permittivity, which is usually increased with growth of temperature. [106] This effect can be correlated to the deformation of the band structure at some critical points of the combined density of states. [107] Similarly to the above-mentioned Kerr and plasma-driven mechanisms of nonlinearity, the thermalinduced refractive-index change has real and imaginary parts being linearly dependent on temperature. Typical dependence of the dielectric permittivity on temperature is given by the following expression:
where is the complex thermo-optical coefficient. Silicon has relatively high , the real part of is equal to 4.5 × 10
and the imaginary part is equal to 0.1 × 10 −4 K −1 , [108] whereas GaAs has four times smaller corresponding values. Density of intrinsic carriers of semiconductors is also a function of temperature and can be tuned over several orders of magnitude. [109] For instance, pure crystalline silicon has the following dependence:
, where k B is the Boltzmann constant, T is the material temperature, and the density is expressed in cm −3 . This equation predicts growth from 10 9 cm −3 at 273 K up to 10 17 cm −3 at 800 K. Such increase of freecarrier density affects absorption of the material.
In the work, [110] optical properties of microspheres from Ge ( ≈ 4 × 10 −4 K −1 ) and PbTe ( ≈ −15 × 10 −4 K −1 ) materials with Mie resonances were tuned in the infrared range by varying the temperature in the range of 80-573 K. This approach allowed one to reversibly reconfigure all-dielectric nanoantenna resonances over their full width, providing strong modulation of the scattered/transmitted optical signal. On the other hand, resonant dielectric nanoparticles can be effectively heated by incident light, [111] paving the way to all-dielectric nonlinear thermophotonics.
Typical rising time of the thermal nonlinearity is governed by an electron-phonon scattering time scale lying in the interval of 1-10 ps. [112] The relaxation time in this case is much slower than for optically induced nonlinearities described above, being usually about 1-100 ns and governed by phonon-phonon scattering and strongly dependent on the thermal conductivity of the surrounding medium.
In case of pulsed laser irradiation, it is possible to mechanically tune optical properties of nanostructures via its ultra-fast heating and thermal expansion. A pump pulse triggers acoustical vibrations, which lead to a periodic variation of the nanoantenna size [118] or geometrical parameters of a metamaterial. [119] As a result, periodic mechanical vibrations and optical modulation can be achieved with frequencies from Hz up to sub-THz values.
Phase-changing and GST materials
A majority of the effects described above allow for relatively weak modification of dielectric properties of nanoantennas and metasurfaces and tune them continuously (i.e. without threshold) with increasing light intensity, as described by Eqs. and imaginary (e) parts of dielectric permittivity for VO 2 (ε ⊥ ), [113] Si, [114] [115] [116] Ge 2 Sb 2 Te 5 . [117] volatile so that a material returns to its initial phase upon cooling. A typical insulator-to-metal transition in vanadium dioxide is widely used in photonic applications. This transition can be driven by an ultra-fast laser pulse that heats a nanoantenna above T c = 68
• C (see Figure 5a) . A hybrid VO 2 metasurface switched by a sub-100-fs pulse was reported in Ref. [120] . A metasurface operating at the near-IR range consists of an array of crossed gold nanoantennas fabricated on top of a VO 2 film. Several picojoules per antenna is sufficient for the device switching due to an abrupt change in dielectric properties of the VO 2 film (see Figure 5d and e). Another degree of freedom in VO 2 -based structures is in a modification of the transition temperature T c . By using ion-beam irradiation, the critical temperature T c can be reduced to 30
• C for a 500×500 nm 2 square defined by a polymethyl methacrylate mask. [121] Such defect engineering allows for control of the switching behavior.
Another class of phase transitions, namely transitions between crystalline and amorphous phases, paves the way for designing a non-volatile photonic nanostructure made of materials with a glass-transition effect. The amorphous phase generally has higher configuration entropy than the lowest free-energy state in the crystalline phase. At the same time, below the melting temperature T m viscosity exhibiting strong increase with the decreasing of the temperature suppresses atomic diffusion at the glasstransition temperature T g . Thus, a rapid quenching of melted material (the cooling rate higher than the crystalline rate) prohibits atoms from forming an ordered lattice, resulting in formation of a quasi-stable amorphous phase. In the case of nanophotonic structures, a femtosecond optical pulse that delivers energy to material for heating it above T m succeeded by quenching the sample below the glass-transition temperature T g leads to freezing a disorder making the transition non-volatile (see Figure 5b) . However, this process can be reversed. A train of pulses, each of them heating the antenna to the temperature above T g but below T m , allows transforming the material back into a crystalline phase through a sequence of amorphous phases with decreasing disorder (see Figure 5c ).
Non-volatile transitions were demonstrated for silicon nanospheres fabricated by a laser ablation method (femtosecond laser printing). [122] Amorphous (a-Si) to crystalline (c-Si) transitions in silicon lead to a decrease of dielectric permittivity in the spectral range from 500 to 900 nm (see Figure 5d ). The physical origin of this behavior is the following. In c-Si, electron transitions in the interval from 365 to 1130 nm are indirect, that is, they take place between states of different wave vectors with the simultaneous absorption or emission of a phonon. At the same time the lack of wave-vector conservation in a-Si makes these transitions quasi-allowed resulting in stronger optical response (Figure 5d ). Also, there are differences in the density of valence states, which also account for the longer wavelength shift in the maximum of the imaginary part of ε. [123] This moderate change of the permittivity (from ε a−Si = 16.5 to ε c−Si = 14 at wavelength λ ≈ 700 nm) can shift a position of the Mie resonance up to 70 nm. [122] By using the femtosecond laser printing, Zywietz et al. [122] fabricated a square lattice (lattice spacing 5 μm) of similar a-Si nanoparticles that have the magnetic dipole Mie resonance at λ ≈ 720 nm. Next, the laser-induced crystallization in the array of these a-Si nanoparticles allowed for selective change of the properties of single nanoparticles. After the crystallization, the Mie resonance is shifted to λ ≈ 650 nm since the silicon permittivity is decreased due to the laser-induced phase transition.
By using another important compound based on germanium (Ge)-antimony (Sb)-tellurium (Te) alloys, and often referred to Figure 5d ). In contrast to the moderate change in optical and electrical properties of amorphous and crystalline phases of sp 3 -bonded semiconductors such as silicon, GST alloys possess unsaturated covalent bonds leading to a resonant bonding to exist in the crystalline phase. [124] The resulting ground state can be explained as a superposition of symmetrically equivalent states with saturated-bond configurations. Thus, electrons are effectively delocalized resulting in high dielectric permittivity values (see Figure 5d) . On the other hand, the resonant bonding requires the long-range ordering and in the amorphous phase this ordering is not possible causing a strong contrast in optical properties of a-GST and c-GST alloys. [125] Previously, GST was employed as a material for optical disks, [126] memory-stick devices (with a fast speed, [127] over 10 5 read/write cycles and long data retention time of more than 10 years [128] ) and solid-state displays. [129] Due to low losses for λ > 1.5 μm (see Figure 5e ) the GST-based photonic devices may operate in the infrared range. For example, the atmospheric transmission windows in the spectral intervals of 3-5 μm and 8-12 μm allow a variety of applications from security to astronomy. We notice that, depending on its composition, GST may refer to Ge 2 Sb 2 Te 5 , Ge 3 Sb 2 Te 6 and other compounds. Also, there exist other composites, such as InSb or GST-related alloys, with atomic substitutions where Ge is replaced by Si or Sn or Sb is replaced by As or Bi, and even four-component alloys such as Ag 6.0 In 4.4 Sn 61.0 Te 28.6 (AIST); they demonstrate similar changes in dielectric properties. However, most of these studies have been made for memory applications such as Ge 2 Sb 2 Te 5 alloy, because of its data retention capabilities and high state discrimination down to the nanoscale. [130] Since the dielectric permittivity of GST can be changed dramatically (Figure 5d and e), the simplest idea was to use it as a substrate that affects properties of plasmonic nanoantennas. A metasurface consisting of a gold split-ring resonator on a GST surface was theorized in Ref. [135] . The structure with a GST film in amorphous state was designed to behave as a birefringent surface operating at the λ = 8.54-12 μm band. When the phase transition occurred, the metasurface starts to work as a metallic mirror. Another theoretical proposal was to hybrid a GST layer into a one-side-patterned metal-insulator-metal structure for a tunable plasmonic absorber. [136] The perfect absorber based on a GST film sandwiched between the gold disk array and the SiO 2 insulating layer on a gold mirror demonstrates absorption peak tuning in a large range from λ = 2000 nm (GST in amorphous phase) to λ = 2650 nm (crystalline phase) with the absorption kept above 0.96.
As a step toward an experimental realization of metasurfaces based on the phase-changing material switched by laser pulses, samples can be heated above the glass transition temperature T g (about 160
• C for GST) to simulate optically induced amorphousto-crystalline phase transitions (see Figure 5c ). Tuning of resonances in aluminum nanoantennas was experimentally demonstrated with amorphous phase of a GST layer changing into crystalline phase. [131] After transition, the reflection spectra shown in Figure 6a were stable at room temperature. Similar temperatures were used for the experimental study of switching in a perfect absorber based on a metal-insulator-metal structure. [137] In addition, heating was used to prove the concept for plasmonic nanoantennas with a GST layer [138] and a chiral metasurface with tunability of the circular dichroism response from λ = 4150 nm to λ = 4900 nm. [139] Metasurfaces with optically induced tuning were reported for an array of asymmetric split-ring slots in a gold film [132] and an array of aluminum nanobar antennas. [140] The antennas were in the neighborhood of the GST layer. A metadevice with split-ring slots with a unit-cell size of 400 nm was designed to operate in the near-infrared range. Phase transitions were initiated homogeneously across large (about 50 μm diameter) areas of the GST film in the metasurface device by a single-pulse laser excitation at a wavelength of 660 nm (selected for its strong absorption in GST). The crystalline-to-amorphous phase transition was achieved with 50 ns pulses at the peak intensity of order 0.25 mW/μm 2 (i.e. fluence is around 1.25 mJ/cm 2 ). The pulse parameters for the reverse transition were 100 ns and 0.1 mW/μm 2 (i.e. fluence is around 1 mJ/cm 2 ), respectively. The increase of the real part of the GST permittivity (Figure 5d ) leads to a 200 nm shift of the resonance while the increase of the imaginary part reduces its quality factor ( Figure 6b) . As a result, the reflection is modulated at λ = 1600 nm as much as by a factor of four that makes it possible to use this effect for optical interconnect applications in data processing architectures. [132] The key component of optically induced bidirectional switching is an effective heat removal for quenching the material and freezing the disorder in the amorphous phase. We notice that the experimental metasurface with an array of asymmetric split-ring slots has a thickness of only 175 nm. [132] Another switching scheme was reported for the metasurface with aluminum bars. [140] The authors used a 50 fs pulse with a fluence of 51 mJ/cm 2 for the crystalline-toamorphous phase transition. For the recrystallization process they illuminated the sample for 1 s by a laser in a repetitive mode (960 Hz) with a fluence of about 31 mJ/cm 2 per 50 fs pulse.
The more challenging problem is to fabricate nanoantennas from GST material. Starting out from the GST film placed into the one-side-patterned metal-insulator-metal structure it is instructive to study scattering on a single-structure element (metamolecule). Such tunable nanoantenna [133] composed of two aluminum nanopatches with different lateral dimensions separated by a GST layer (Figure 6c ) possesses both electric and magnetic dipole resonances related to symmetric and asymmetric plasmonic modes. By adjusting geometric parameters it is possible to design an optical antenna that operates in two regimes: (i) the antenna has a predominant electric dipole mode with omnidirectional radiation pattern (when GST is in the crystalline phase); (ii) it supports balanced amplitudes of electric and magnetic dipoles to satisfy the so-called Kerker condition [29] resulting in a directional radiation pattern with zero backscattering (for the amorphous GST phase). An optical response of a square array of such elements varies dramatically in different GST phases. The metasurface behaves as a reflector in the crystalline phase while it is a nearly perfect absorber in the amorphous phase at λ ≈ 3.5 μm (Figure 6c ). However, this study [133] concerning a nanoantenna with a GST layer only employs it as the dielectric spacer between metallic nanopatches to tune the plasmonic resonances. Another theoretical paper [134] considered a GST rod as the building block of a dolmen metamolecule (Figure 6d) [131] Amorphous GST phase (violet dashed curve) and switched to crystalline GST phase (red solid curve). (b) Top: SEM image of metasurface with array of asymmetric split-ring slots in a gold film placed on top of a GST film; bottom: experimentally measured reflectance of the metasurface. [132] Curve styles are same as in (a). (c) Top: unit cell of metasurface with an array of metamolecules consists of a GST spacer between two Al nanopatches; [133] bottom: calculated reflection spectra of metasurface being in state with amorphous GST phase (violet dashed curve) and switched to crystalline GST phase (red solid curve). (d) Top: unit cell of metasurface with an array of GST dolmen metamolecules; [134] bottom: calculated transmission spectra of the metasurface with different states of GST dolmen molecule: no crystalline bars (violet dashed curve), the top bar in crystalline GST phase (magenta solid curve), a side bar in crystalline GST phase (green dotted curve).
silicon nitride substrate. The nanostructure is composed of a horizontal rod working as dipole antenna and a pair of vertical rods as quadrupole antenna. It is known that metasurfaces composed of plasmonic nanoparticles may demonstrate a window of the electromagnetically induced transparency (EIT). [141, 142] By adjusting geometric parameters of amorphous GST bars a transmission spectrum demonstrates an EIT profile in the λ = 1400-1600 nm range with the window at around 1483 nm (violet dashed curve in Figure 6d ). When a vertical rod is selectively switched into the crystalline GST phase the EIT profile becomes broader (green dotted curve in Figure 6d ) due to the increasing imaginary part of the permittivity of GST (Figure 5e ) and, if the horizontal bar becomes crystalline, the EIT-like resonance disappears (magenta solid curve in Figure 6d ) because of the large difference in the resonant wavelengths between the dipole and quadrupole modes. [134] Recently, Wang et al. [143] reported on a dipolar metasurface operating around a wavelength of λ = 2μm, where absorption in GST is low enough (see Figure 5e ) to achieve resonances. They designed the metasurface comprising a two-dimensional array of rectangular crystalline inclusions in the amorphous GST film. Both transmission and reflection spectra show the resonant feature at λ = 2 μm for light polarized along the inclusion and no dips or peaks for the orthogonal polarization. For wavelengths λ > 1.78 μm the structure does not scatter light in the non-zero diffraction orders, [144] demonstrating a true metamaterial nature. [143] Another promising mechanism for reconfigurating phasechanging nanophotonic structures is the glass relaxation and reflow under high-temperature annealing driven by stress generation around the laser-structured regions. [147, 148] Similar effects are anticipated in polymers with rubber-glass transitions where the strain defines the material response in an elastic or inelastic manner allowing for visco-elastic flows to occur at high strains.
Hence, by controlling the local strain induced by laser structuring and thermal conditions, the material reflow and corresponding change of the refractive index can be engineered and/or reconfigured. Interestingly, optically induced defects, color centers, interstitials and vacancies are annealed during regeneration, and the actual structural damage of the host glass and local strain is required for the regeneration. The defects recorded inside a dielectric host with fs-laser pulses can reach very high densities of 10 19 -10 20 cm −3 , as was measured recently. [149] Photo-excitation of electrons at such densities would create plasmas corresponding to the plasmon frequencies at far-IR and THz wavelengths. By recording nanophotonic structures in the host materials with high transmissivity at IR and THz spectral ranges, e.g., KBr, [149] diamond and sapphire, it would be possible to create optical elements which can be tuned by irradiation in the optical absorption band, usually operating in the UV spectral range. Such optically reconfigurable optical elements could enrich a toolbox of optical elements at the IR and THz spectral ranges and foster the development of chemical sensors at the molecular fingerprinting spectral range.
Non-Reversible Reconfigurations
The reversible tuning of optical properties of nanostructures is essential for light switching and modulation. Equally appealing is a possibility to modify an optical response of nanostructures permanently (or on a certain period of time) that might be important for a wide range of applications: from dense data storage to optical sensors and lab-on-a-chip systems. From this point of view, both the reversible long-term modifications of optical properties of nanostructures (e.g., via light-induced assembly of nanoparticles, [152] spatial alignment of individual nanoantennas [153] etc) as well as the concept of precise permanent [145] (d) SEM images of a pair of gold nanoblocks: (left) before irradiation by femtosecond laser beam, (center) exposed by the laser beam polarized linearly, (right) the laser beam is polarized transversely to the long axis of the pair. Plasmon modes localize in the nanogaps (center) or on the left and right tips of the nanoblocks (right) depending on the laser beam polarization and initiate local photopolymerization triggering after a short exposure; (e) theoretically calculated near-field patterns at selected planes for the irradiated samples. [146] The field intensity represents the intensity enhancement factor.
recording of desired optical response in a single nanoantenna are promising for data storage devices and highly desirable. In this section, we consider non-reversible tuning of optical properties of nanostructures taking into account a range of processes that lead to the permanent modification of optical response: photothermochemical, annealing and melting, and boiling (see Figure 1) .
It should be noted that spectral selectivity and precision of modification of optical properties in nanostructures is vital for an optimal utilization of the operational spectral range of nanoantennas. From this point of view, the applications of laser radiation are very attractive because laser-assisted processes open wide perspectives for the manipulation of physical properties of nanostructures in terms of high spatial localization and spectral selectivity, thus providing fine tuning of nanoantennas.
Importantly, non-reversible reconfigurations require higher intensities of light, thus imposing limitations on the use of materials. However, gold is one of the best platforms for reconfigurable nanostructures owing to its low oxidation rate at high temperatures, good plasticity, effective light-to-heat conversion efficiency and excellent resonant optical properties.
Near-field-induced chemical processes
The utilization of resonant properties of plasmonic nanoparticles for localized chemical growth can be applied during the fabrication processes. [154] [155] [156] [157] [158] [159] [160] Nanostructures are tuned to a specific wavelength by laser-assisted growth processes via localized heating and control of chemical reaction kinetics. A selective absorption in nanostructures can be localized, effectively activating chemical reactions in a specially selected way via (photo)catalytic reaction, or provide a nanoscale control for the growth processes making it possible to fabricate complicated nanostructures via a self-assembly approach. In this case, a modification of initial nanostructures involved in the growth process does not occur, because activation of chemical reactions is carried out at hot spots engineered in a special way in the initial nanostructure.
Laser-assisted growth. A good example of fine tuning of complicated nanostructures via the laser-assisted growth process can be found in Ref. [145] , where a selective growth of gold/germanium nanowires is achieved via strongly enhanced light absorption (see Figure 7) . At the initial stage, the electric resonance of a gold nanoparticle provides localized heating at the nanoscale and initiates a chemical reaction with the Ge precursor. Then, with the growth of Ge nanocrystal, the inherent magnetic and electric resonant modes of the nanostructure are changed by modifying absorption. Therefore, the nanowire growth is controlled in real time making it possible to tune optical properties of individual nanowires by changing the laser power.
Scattering properties of single gold nanoparticles can be altered [161] via chemical reactions taking place under illumination by a cw-laser beam, thus providing a controllable growth of the nanoparticles as well as modification of their optical anisotropy via shape changes, which brings sensitivity to the light polarization.
Photopolymerization. Near-field enhancement in plasmonic nanostructures can also be applied for increasing the photopolymerization rates via both coherent [162, 163] and incoherent light sources. [146] Gold nanoblock structures separated by Left to right: charge-stabilized 50 nm gold nanospheres exhibiting single plasmon (SP) resonance at 532 nm; adding of cucurbituril (CB) molecules to assemble nanoparticles into chains possessing capacitive chain plasmon (CCP) resonance at 745 nm; illumination with femtosecond laser pulses connects chains by metal thread into strings, giving threaded chain plasmon (TCP) resonance at 1100 nm. [150] (b) SEM images and (c) scattering spectra of gold dimers before and after laser nanowelding. [150] (d) TEM micrographs of the gold nanorods and (e) their extinction spectra changes due to a tip-to-tip assembly. [151] nanometer-sized gaps are employed to increase the photopolymerization rates of photoresist by orders of magnitude at low laser fluence. [162] Figure 7d demonstrates nonlinear absorption and photopolymerization in a nanogap of a gold nanodimer with the sensitivity to polarization of the incident radiation. Light-field enhancement [164] and heat localization at the nanoscale [162] are both playing an important role in polymerization (see Figure 7e) . Importantly, the melting temperatures of metallic nano-objects are usually higher than the damage temperature of polymers, which can result in local laser ablation of surrounding soft media. [165] Another approach based on the use of plasmonic-enhanced synthesis of polymer nanostructures by laser-trapped nanoparticles and nanowires was demonstrated in polydimethylsiloxane, and it could provide a subdiffractionlimited resolution. [163] Hybrid (semiconductor-metal) nanoparticles were shown to be another promising approach for localized photopolymerization. Unlike conventional photo-initiators that are consumed upon irradiation, these particles form radicals through a photocatalytic process and possess giant two-photon absorption cross section. Namely, enhanced light absorption by the semiconductor nanorod is followed by charge separation and electron transfer to the attached metallic nanoparticle, enabling redox reactions to form radicals. [166] 
Reshaping via local heating and melting
The laser fluences applied in the near-field-induced photochemical processes employ the resonant properties of nanoparticles but they do not change their shapes. For a change of shapes, the fluence should be higher to cause heating, which may lead to nanoparticle bonding or controllable change of the geometry and as a result to modification of the nanostructure optical response.
Assembling and nanowelding. As was demonstrated in many works, the laser radiation is a versatile tool for tuning optical properties of single nanoantennas by employing their resonant properties during the reconfiguration process. Assembling of separate nanoantennas via hot spots takes place when resonant nanoantennas are connected together. [168] [169] [170] [171] Light-induced laser joining is an effective tool for fine tuning of optical properties of complicated assembled nanosystems. The induced modifications can be observed and controlled in real time by monitoring optical properties of nanoantennas undergoing an assembly.
A typical approach for the light-induced assembling of resonant nanoparticles is illustrated in Figure 8a . Initially, single nanoparticles are diluted in a solution. Their bonding can be monitored optically by measurement of extinction spectra. In particular, the single-plasmon resonance of 50 nm diameter gold nanospheres is situated at 532 nm. [150] The second step is to connect nanoparticles together by interparticle molecular linkers that produce large aggregates. The authors of Ref. [150] exploited cucurbituril (CB) molecules, which glue nanoparticles with rigid 0.9 nm gaps. As a result large aggregates are produced (Figure 8a ). Optical properties of chains formed by the gold nanoparticles mediated by CBs are related to capacitive chain plasmon (CCP) resonances at around 745 nm. The last step is processing of light-induced large-scale threading. The threads are formed by using unfocused 200 fs pulses of 90 MW/cm 2 intensity generated by a 805 nm laser. A threaded chain plasmon (TCP) is shifted to near-infrared wavelengths up to 1100 nm. It should be noted that the TCP resonance wavelength depends on the thickness of bridges between nanoparticles, which was clearly demonstrated for tuning of dimer plasmon resonance [150] shown in Figure 8b and c.
A similar approach was suggested in Ref. [151] , providing a plasmonic response at the near IR via the tip-to-tip welding of gold nanorods (Figure 8d and e) . Other methods of nanowire welding have also been developed including the use of cw lasers, [172, 173] femtosecond pulses [174] and even non-coherent sources of light. [175, 176] Reshaping of individual nanoparticles. Various reshaping approaches and fabrication techniques were suggested for nanoantennas. A dewetting mechanism related to the minimization of the total energy of thin-film surfaces occurring under heating is one of such commonly used examples. [178] [179] [180] The laser-matter interaction responsible for reshaping is well understood [61, 181] as described in the recent review on tunability of plasmonic nanoantennas. [182] Here we highlight a few typical applications of non-reversible modification of nanoscale structures.
A promising application of nanoparticle reshaping is in data storage, color printing and other issues. Color printing of plasmonic metasurfaces with laser writing is demonstrated in Figure 9 . [167] A hybrid structure consisting of metal disks placed on top of dielectric pillars underwent a modification induced by laser irradiation and heating at a selected location. Laser heating of separate metal disks by laser pulses at the fluence high enough to melt and reshape patterned nanostructures produces irreversible changes owing to surface tension. [183] A surface plasmon resonance leads to the electric field confinement and a change of morphology of nanoantennas at the patterned metasurface in accord with the pattern of the exposed light beam adjusting reflection properties (see Figure 9b) . Thus, at a specific wavelength, the transformation of a thin disk into a thicker disk or sphere occurs (see Figure 9a) . Specific color patterns in a blue tone were obtained with a five-color printed image (see Figure 9c ). This approach looks suitable for data storage provided high speed and resolution at low powers is realized.
In the data storage, the present memory limit due to the current density has to be surpassed for the substantial growth of data traffic and archive applications. Plasmonic multidimensional data storage is another application with a strong practical focus. Zijlstra et al. [177] demonstrated plasmonic data storage based on plasmonic nanoantennas; they used five-dimensional resolution, namely x and y in-plane dimensions plus wavelength [177] and polarization sensitivity, whereas the distinct energy threshold required for the photothermal recording mechanism provides the axial selectivity. The demonstrated method employs interaction of polarized light and hybrid nanostructured gold nanorods embedded in polyvinyl alcohol layers of 1 μm being separated by transparent spacers of 10 μm thickness. Initially the gold nanorods are oriented in a random manner. For sufficiently high s-polarized laser pulse energy, the selected nanorods oriented along the vector of polarization heat up to above the threshold melting temperature, and transform their shape into shorter rods or spherical particles. This results in a depleted population of nanorods with a certain aspect ratio and orientation (Figure 10a , top) and hence a polarization-dependent bleaching occurs in the extinction profile in the reading procedure. For recording an information bit the authors of Ref. [177] used a single femtosecond laser pulse (at 840 nm and energy of 0.28 nJ in the focal plane of the objective). Similarly, a p-polarized beam selectively reshapes nanorods with orthogonal polarization (Figure 10a , bottom). In that way, recording was utilized by reshaping of nanoantennas. The optical response (Figures 10b and 10c ) depends on the light polarization, length and orientation of gold nanorods, and it could be described by employing the Gans theory via a surface integral technique where nanorod polarizability is directly related to the particle length along the x, y and z axes and inversely scales with the depolarization factor along the coordinate axes. [184] Another approach for a fine tuning of the scattering properties of more complicated hybrid nanoantennas (consisting of plasmonic and high-index nanoparticles) via selective reshaping of the plasmonic component was proposed by Zuev et al. [39] A gold nanodisk placed on top of a truncated silicon nanocone was reshaped by high-intensity fs laser pulses (see Figure 11a ). Absorbed energy and diameter-to-thickness ratio of nanodisks are the key features for this reshaping, and they provide a control over the hybrid nanostructures and their resonances. After the modification, the spectral position of the lower-order resonance in the nanostructure shifts from the electrical dipole resonance of a gold nanoparticle relatively to the electrical and magnetic Mie resonances of a silicon nanoparticle. This way of the fine tuning provides a precise spectral modification of the hybrid nanoantennas manifested in their scattering spectra (see Figure 11b and c).
In Figure 11c the evolution of a single hybrid nanoantenna with increase of laser fluence is shown, revealing two distinguished processes: reshaping of metal disk and, then, dielectric nanocone. The latter process also leads to spectral reconfiguration of optical properties due to strong dependence of Mie-type resonances on shape of the dielectric nanoparticle as discussed in Section 2. This concept was successfully realized for laser-postprocess Ge color metasurfaces with morphology-dependent resonances. [185] Compared to plasmonic analogs, color surfaces with high-index dielectrics, such as germanium (Ge), have a lower reflectance, yielding a superior color contrast.
Several groups demonstrated the shape transformation of gold nanorods into spheres with fs-laser melting. [177, [186] [187] [188] From the microscopical point of view, this process starts at the interior of a rod by creating point and line defects, which eventually leads to the formation of planar stacking defects and twinning. Laserinduced melting of single nanorods is followed by the surface diffusion of gold atoms from the tips to the center of the rod. It gives an opportunity of optical near-field manipulation on the subdiffraction length scales with an fs laser on gold nanorods. Figure 12a illustrates that a bending of gold nanorods is rendered by longer laser pulses than that required for producing spheres. [189] A gradual growth of the laser power leads to an increase of the gold nanorod bending (starting from the intensity greater than 0.45 MW/cm 2 ). The amount of heat, force and polarization of laser pulses defines the bending degree and alignment on a substrate (see Figure 12b) , whereas the opening angle and length of the gold nanorod are determined by the plasmonic resonances (see Figure 12c ). This approach can be applied for creating novel types of optical resonators with spatially varying phase response and subwavelength separation. [190] At very low laser powers, surface diffusion of gold atoms was shown to define reshaping of nanorods with activation energy dependent on the surface curvature. [191] 
Preablative reshaping
At the highest laser intensities, it is possible to achieve a regime of laser ablation (meaning "material removal"), as shown schematically in Figure 1 . Below an ablation threshold, a series of preablative processes, including local melting, high-pressure generation, stress-induced deformation and nanoscale hydrodynamic flows with possible instabilities, occur at different time scales. According to Eqs. estimation of thermal transport in solids under the pulsed heating gives the following characteristic scale of the heat-affected zone: L th ≈ D th τ p , where D th and τ p are thermal diffusivity and pulse duration, respectively. [61] Therefore, by using ultrashort (fs or few-ps) pulses, one can localize thermal transport inside the irradiated material or nanostructure. [61, 162] Remarkably, due to fast cooling rates for the heated nanoscale objects (∼0.01-100 K/ps [192, 193] ), this property allows for "freezing" of some preablative states (e.g., ascending flow of a molten material) and can provide more complicated reshaping of nanostructures.
Three-dimensional reshaping of nanostructures. The lightinduced shape control in three dimensions opens a new degree of freedom for variation of the optical properties of the reshaped nanostructures, where nanobumps and nanojets are ejected from hot spots of metal nanoprisms [194] and G-shape nanostructures [195] upon the laser pulses with high intensity. Indeed, during the fast reshaping induced by melting, the center of mass is moved upward, which could lead to material ejection from the surface due to inertia. [196] The precise spatial control of the reshaping can be achieved via variation of polarization of the heating light. [195] Generally, upon increasing the laser fluence, the nanobumps become larger and, at the values >50 mJ/cm 2 , they transform into nanojets. For higher laser fluences of >80 mJ/cm 2 , a spherical nanodroplet of the radius ∼50 nm can be ejected from the hot spot. [195] Reshaping of thin films. In addition to the non-reversible reconfiguration of the preliminary fabricated nanostructures, a very strong (>100 mJ/cm 2 ) and ultra-fast laser pulse spatially localized onto a diffraction-limited focused spot on a metal film can be used to change permanently the local optical response of a small area of the irradiated film. Under spatially confined ultra-short excitation, irradiated material undergoes solid-liquid-solid phase transitions, typically on the nanosecond time scales, resulting in a local reshaping and formation of different nanoscale surface features exhibiting properties of optical nanoantennas. Under femtosecond-pulse irradiation, the local molten part of the noble-metal thin film, characterized by weaker adhesion to the supporting substrate, detaches through ultra-fast optical heating and local high-pressure generation, [198] producing a parabola-shaped hollow bump or nanovoid (I-IV in Figure 13a ) whose geometric parameters can be tuned precisely by applied fluence. [199, 200] Such nanostructures were produced on surfaces of Au and Ag films, and they demonstrate tunable size-dependent resonant light scattering in the visible spectral range, [197] supporting excitation and interference of axial and transverse surface plasmon modes in nanovoid shells (see Figure 13b and c). The spectral position of the resonant peak was shown to follow a simple standing-wave model suggesting a certain integer number of plasmon wavelengths mλ res to fit the effective circumference n eff L of the outer nanovoid shell (see Figure 13d ,e), where n eff is the effective refractive index of the plasmon mode supported by the air-metal interface. [201, 202] It is worth noting that such breaking-symmetry plasmonic nanoantennas formed after the reshaping of a metal film can support magnetic optical response in the visible range. [203, 204] Ultra-short laser irradiation of metal films with higher fluences initiates accumulation of a molten material at the center of the nanobump, making thinner the peripheral part of the shell and forming the nanoneedle (or "nanojet" [200] ) on top (see the image I in Figure 14a) . A fine adjustment of the applied fluence provides hydrodynamic-assisted tuning of the height-to-width ratio of the nanojet, thus shifting its plasmonic resonance to a broad spectral range. Using this approach, [205] it was demonstrated that plasmonic modes in near-and mid-infrared spectral ranges can be excited by employing such reconfiguration (see Figure 14) . Additionally, it was demonstrated that the resonant condition for such dipolar-like nanoantenna follows the simple linear relation L = λ 0 /4, connecting the resonant wavelength λ 0 with twice longer height of the nanojet L given by the actual height and its mirror image inside the metal film (see Figure 14b ). Considering possibilities of relatively fast and cheap fabrication of such highaspect-ratio nanoantennas via direct ablative reshaping of noblemetal films with multiplexed laser beams, [206] this approach can be employed for laser printing of substrates supporting surfaceenhanced Raman scattering (SERS) [207] and enhanced electron emission. [208, 209] Laser Photonics Rev. 2017, 11, 1700108 C 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [205] For a certain critical fluence, a huge amount of molten metal material is ejected via the nanojet formation mechanism [198] leaving a nano-or micro-sized through hole in the irradiated part of the metal film. [210] This regime of light-matter interaction corresponds to laser ablation and, thus, further increase of laser fluences is not applicable for precise tuning and reconfiguration of advanced photonic nanostructures.
Conclusion and Outlook
We have outlined the recent developments and arising trends in the physics of advanced reconfigurable nanostructures. In particular, we have compared reversible tuning of nanostructures based on high-index dielectrics and phase-changing materials with plasmonic and hybrid nanostructures. We have shown that the use of dielectric and phase-changing materials, as well as epsilon-near-zero materials, allow for low-loss and deep reconfiguration of various types of photonic nanostructures. Among advantages of plasmonic nanostructures we notice their controllable hydrodynamic properties at the nanoscale, chemical stability against oxidization (especially for gold) and ultra-compact designs.
In Table 1 , we present some examples of the materials suitable for light-induced tuning and reconfiguration. Gold, as one of the most popular materials, demonstrates the best properties in welding/reshaping only, whereas ITO, some semiconductors, polymers or organic-inorganic perovskites are faster in reconfigurable tuning and provide stronger modulation depths. However, fabrication of nanostructures from these materials is still challenging, except polymers and perovskites that are wetchemistry processing materials and can be nanopatterned via cost-effective nano-imprint technology. [211] Based on this comparison, we anticipate further merging of nanophotonic designs with organic-inorganic materials (e.g., perovskites, [211, 212] metal-organic frameworks [213] and dyes [214] ), two-dimensional materials [215] such as graphene, [52, 216] black phosphorus [217] and other types of van-der-Waals materials [218] ) as well as carbon nanotubes. [219] These materials can exhibit various effects: high carrier mobility, flexibility, Kerr nonlinearity as well as strong and easily reversible phase transitions.
In addition to novel breakthrough concepts in material physics, we anticipate the development of novel nanophotonic designs. The important target of the recent developments is to combine the physics of metamaterials, plasmonics and resonant photonic structures with nonlinear optics to facilitate new discoveries. For example, bound states in the continuum, anapole and Fano resonances, epsilon-near-zero materials and Huygens' sources are novel rising directions in modern photonics that extend the horizons of nonlinear nanophotonics. Development of these concepts can further increase Q-factor of resonances, enhance nonlinear response as well as reduce the ratio between the applied pulse energy and the modulation depth.
Taking into account the recent achievements in material science and nanophotonics, one can expect the appearance of commercially available tunable and reconfigurable metadevices. Ultra-compact all-optical modulators will work with the speed in Tbit/s beating all electronic components, according to subpicosecond times of nonlinearity for a number of materials (see Table 1 ). Other promising applications of metadevices are color technologies rapidly approaching the scales of surface decoration, durable optical data storage and advanced optical security devices.
